Functional analysis of evolutionary conserved clustering of bZIP binding sites in the baculovirus homologous regions (hrs) suggests a cooperativity between host and viral transcription factors  by Landais, Igor et al.
lsevier.com/locate/yviroVirology 344 (200Functional analysis of evolutionary conserved clustering of bZIP binding
sites in the baculovirus homologous regions (hrs) suggests a cooperativity
between host and viral transcription factors
Igor Landais, Rachel Vincent, Martine Bouton, Ge´rard Devauchelle,
Martine Duonor-Cerutti, Myle`ne Ogliastro *
Laboratoire de Pathologie Compare´e, UMR 5087, 30380 Saint Christol-les-Ale`s, France
Received 27 May 2005; returned to author for revision 28 June 2005; accepted 29 August 2005
Available online 29 September 2005Abstract
The genome of the Autographa californica Multinucleocapsid Polyhedrosis Virus (AcMNPV) contains nine interspersed homologous
regions (hrs) that function as potent enhancer sequences when linked in cis to either viral or heterologous RNA polymerase II-dependent
promoters. Their activity is strongly increased by the binding of the major immediate early viral transregulator IE1 on 28-mer palindromic sites
present in hrs. We show that hrs of AcMNPV additionally carry, in the interpalindromic sequences, a large number of cAMP response elements
(CRE) and TPA response elements (TRE), known to bind ubiquitous cellular transcription factors of the bZIP family. Moreover, these clusters
of CRE and TRE motifs are concentrated in hrs. Analysis of the 25 baculovirus genomes sequenced so far reveals that these motifs are
evolutionary conserved in Lepidoptera NPVs, suggesting a functional role in the hr enhancer function. Consistently, EMSA experiments
indicate that CRE and on a lesser extent TRE sites specifically bind insect host factors. Moreover, reporter assays reveal that these CRE sites
have an additive stimulatory effect on RNAPol II-dependent transcription in Sf9 cells and are potentially able to synergize with the IE1-binding
palindrome.
D 2005 Elsevier Inc. All rights reserved.Keywords: Viral enhancer; Baculoviridae; Lepidoptera NPV; cAMP response element; TPA response element; Spodoptera frugiperda; Immediate early gene;
AcMNPV; hr5Introduction
The Baculoviruses form a diverse group of arthropod-
specific viruses that contain a double-stranded circular DNA
genome. They have been mostly reported from insects of the
Lepidoptera order where two genera, nucleopolyhedroviruses
(NPVs) and granuloviruses (GVs), have been identified based
on the shape of the inclusion body they form in the infected cells.
Based on single gene phylogenies, Lepidoptera NPVs have
further been divided in groups I and II (Bulach et al., 1999), the
later comprising the baculovirus prototype Autographa califor-
nica multinuclear polyhedrosis virus (AcMNPV). More recent-
ly, phylogenetic studies based on genome sequences have
suggested other genera comprising diptera- and hymenoptera-0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.08.036
* Corresponding author. Fax: +33 491 820 682.
E-mail address: ogliastr@ensam.inra.fr (M. Ogliastro).specific baculoviruses (Afonso et al., 2001; Garcia-Maruniak
et al., 2004; Lauzon et al., 2004).
The first condition for a successful infection is the
recruitment of the host transcription machinery to trigger the
immediate early (IE) phase, when the amount of viral DNA is
at its lowest (Carson et al., 1991). Viral gene expression is then
regulated in a cascade fashion, where IE, early (E) and late (L)
genes are expressed successively (Blissard and Rohrmann,
1990). IE and E genes are transcribed under the control of the
host RNA polymerase II (Huh and Weaver, 1990), and many of
them display a promoter structure that resembles the RNA
polymerase II-dependent promoters of higher eukaryotes
(Friesen, 1997). By contrast, late promoters are triggered by
a virally encoded RNA polymerase using an atypical ATAAG
initiation motif (Blissard and Rohrmann, 1990).
An interesting structural feature of most of the baculovirus
genomes is the presence of interspersed small repeats, known as6) 421 – 431
www.e
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to 13 in LdMNPV and varies in size from 30 to about 2000 bp.
They act as enhancers for the RNA polymerase II-mediated
transcription of several viral early genes (Theilmann and
Stewart, 1992) and have been shown to function as origins of
viral DNA replication in transient assays (Rasmussen et al.,
1996). They are also sites of frequent recombination (Harrison
and Bonning, 2003). In AcMNPV, these regions are character-
ized by a modular structure containing repeated 28-mer
imperfect palindromes (P) flanked by interpalindromic regions
containing direct and inverted repeats. Such repeats have been
identified in all but one baculovirus genomes sequenced so far,
supporting their importance in the biology of this virus family.
Previous studies have shown that the hr enhancer activity
requires the potent viral transregulator IE1, binding as a dimer on
the 28-mer palindrome unit (Rodems et al., 1997). At the same
time, sequences homologous to half palindromes have been
detected upstream of a number of early genes, and binding of IE1
on these sequences down-regulates expression of these genes
(Leisy et al., 1997) illustrating that depending on the context IE1
can display different activities. Baculovirus hrs have also been
shown to display a potent enhancer function on exogenous and
endogenous promoters in the absence of any viral transactivator
(Leisy et al., 1995; Lu et al., 1997; Nissen and Friesen, 1989;
Viswanathan et al., 2003), suggesting that the binding of host
factors might be involved in the enhancer mechanism. Con-
firming this idea, a 38 kDa host protein, hr1-BP (hr1-binding
protein), has been shown to bind the core 28-mer palindromeFig. 1. AcMNPV hrs contain a large number of CRE and TRE motifs. Schemat
palindromes (double arrows) delineate interpalindromic fragments for each hr. Boxe
The hr5/4 fragment used in CAT assays is boxed. Positions (in bp) in the AcMNPwith short, shuffled flanking sequences and has been implicated
in the transactivation function of IE1 (Habib andHasnain, 1996).
Moreover, a recent study pointed out that hr1 from AcMNPV
specifically binds mammalian proteins (Viswanathan et al.,
2003), suggesting that baculovirus hrs might contain evolution-
ary conserved binding motifs for host transcription factors.
The aim of this work was to identify and functionally
characterize new host protein binding motif(s) that are involved
in the hr enhancer function. We analyzed the interpalindromic
sequences of AcMNPV hrs and found that, compared to the
rest of the viral genome, they were strikingly enriched in
conserved binding motifs for transcription factors belonging to
the bZIP family. We show that these sites specifically bind
Spodoptera frugiperda nuclear factors and act as cis-regulatory
elements in these insect cells.
Results
hr sequences from Lepidoptera NPVs contain a large number
of conserved binding sites for bZIP transcription factors
To identify new host factors binding to the hrs, we first
performed a search for known transcription factors binding
motifs within the hrs of AcMNPV. The analysis was made on
8 hrs (hr1, hr1a, hr2, hr3, hr4a, hr4b, hr4c, hr5) and revealed
the presence of numerous bZIP motifs. Fig. 1 shows the
localization of TPA response element (TRE) (TGACTCA) and
cAMP response element (CRE)-like (TGATGTCA) elementsic representation (to exact scale) of eight AcMNPV hrs: IE1-binding 28-mer
s in interpalindromic sequences correspond to consensus CRE and TRE motifs.
V genome are indicated at the ends of each hr.
able 1
oncentration of CRE and TRE sites in homologous regions of sequenced baculovirus genomes
Virus Accession
number
Genome
size (kb)
hr (% total
genome)
CRE-like TRE-like
Sequence Number
in genome
Number
in hrs
% in
hrs
Sequence Number
in genome
Number
in hrs
%
in hrs
epidopteran
NPVs
Group I CfMNPV NC_004778 129,609 ? TGATGTCA 1 ? ? TGACTCA 6 ? ?
TGACGCA 30 (*) (*)
OpMNPV OPU75930 131,995 1.40 TGATGTCA 1 0 0.00 TGACTCA 18 0 0.00
TGACGCAC 25 19 76.00
TGACGCA 35 20 57.14
EppoNPV NC_003083 118,584 1.50 TGATGTCA 2 0 0.00 TGACTCA 23 17 73.91
RoMNPV NC_004323 131,526 1.70 TGATGTCA 37 25 67.57 TGACTCA 12 7 58.33
AcMNPV L22858 133,894 2.40 TGATGTCA 51 48 94.12 TGACTCA 21 13 61.90
BmMNPV L33180 128,413 2.70 TGATGTCA 64 46 71.88 TGACTCA 12 5 41.67
Group II AdorMNPV NC_004690 113,220 1.00 TGATGTCA 15 7 46.67 TGACTCA 6 0 0.00
TGAGTTT 21 9 42.86
LdMNPV AF081810 161,046 2.80 TGATGTCA 43 32 74.42 TGACTCA 8 1 12.50
HearNPV (G4) NC_002654 131,403 7.10 TGATGTCA 29 17 58.62 TGACTCA 13 1 7.69
HearNPV (C1) NC_003094 130,760 3.90 TGATGTCA 28 16 57.14 TGACTCA 12 0 0.00
HzNPV NC_003349 130,869 6.40 TGATGTCA 24 11 45.83 TGACTCA 12 1 8.33
SpltNPV AF325155 139,342 6.40 TGATGTCA 5 0 0.00 TGACTCA 9 0 0.00
TGACTTTT 40 33 82.50
SeMNPV AF169823 135,611 2.80 TGATGTCA 9 4 44.44 TGACTCA 9 2 22.22
MacoNPV (A) NC_003529 155,060 2.70 TGATGTCA 8 0 0.00 TGACTCA 11 1 9.09
TGACGTAA 21 13 61.90
MacoNPV (B) NC_004117 158,482 3.20 TGATGTCA 5 0 0.00 TGACTCA 11 0 0.00
TGACGTAA 16 10 62.50
epidopteran
granuloviruses
PlxyGV NC_002593 100,999 6.80 TGATGTCA 3 0 0.00 TGACTCA 7 0 0.00
TGACCAAA 17 16 94.12
TGAGAGGG 25 24 96.00
XcGV NC_002331 178,733 2.80 TGATGTCA 10 0 0.00 TGACTCA 10 0 0.00
AdorGV NC_005038 99,657 2.50 TGATGTCA 4 0 0.00 TGACTCA 2 0 0.00
CrleGV AY229987 110,907 0.34 TGATGTCA 8 0 0.00 TGACTCA 14 0 0.00
CpGV NC_002816 123,500 0.79 TGATGTCA 11 0 0.00 TGACTCA 5 0 0.00
PhopGV NC_004062 119,217 1.90 TGATGTCA 3 0 0.00 TGACTCA 9 0 0.00
AsGV NC_005839 131,732 ? TGATGTCA 3 ? ? TGACTCA 9 ? ?
ymenopteran
NPVs
NeleNPV AY349019 81,818 1.38 TGATGTCA 2 0 0.00 TGACTCA 7 0 0.00
NeseNPV AY430810 86,524 4.25 TGATGTCA 4 0 0.00 TGACTCA 6 0 0.00
ipteran NPV CuniNPV NC_003084 108,252 0.83 TGATGTCA 0 0 0.00 TGACTCA 5 0 0.00
ercentages of CRE/TRE motifs found to be significantly enriched in hrs are in bold characters. ? Positions of homologous regions have not been published. (*) In CfMNPV, 17 of the 30 TRE-like motifs (56.67%) are
ustered in 3 short genomic segments encompassing 0.99% of the genome that might correspond to the CfNPV hrs.
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I. Landais et al. / Virology 344 (2006) 421–431424along with the IE1-binding palindromic sequences. TREs are
present in all hrs except hr4c. In contrast, all hrs contain CREs
and 28-mer palindromes. These CRE sites differ from the
canonical CRE found in the somatostatin promoter by one
nucleotide (TGATGTCA versus TGACGTCA, respectively)
(Andrisani et al., 1987), a variant previously described in other
promoters and in the enhancer of the human Cytomegalovirus
IE gene (Niller and Hennighausen, 1991).
Each hr contains a single type of CRE-like sequence
(TGATGTCA in hr1a, hr2, hr4b and hr5 or its antiparallel,
TGACATCA in hr1, hr3 and hr4a) depending if the hr is
constituted by direct or inverted repeats (Guarino et al., 1986).
Only the very short hr4c (110 bp) carries the two CRE forms,
maybe due to an isolated association of direct and inverted
repeat units (Fig. 1). Another interesting feature is that CRE
and TRE motifs are never found in overlap with IE1-binding
palindromes; however, these sites are always in close proxim-
ity, separated by 12 to 36 bp.
The most striking observation is that 48 of the 51 (94%)
CRE and 13 of the 21 (62%) TRE motifs present in the
AcMNPV genome are concentrated within the hrs, which only
cover 2.4% of the viral genome. The significant enrichment ofFig. 2. Phylogenetic relationship between sequenced baculoviruses (left) and conce
Lange et al. (2004) with minor modifications and addition of hymenoptera NPVs (Ga
baculoviruses are indicated at the nodes of the branches. When the CRE or TRE moti
indicated.CRE and TRE-like sequences in the hrs of AcMNPV prompted
us to extend the analysis to the 25 baculoviruses (15 NPVs, 7
GVs, 1 diptera and 2 hymenoptera baculoviruses) for which the
complete genome sequence is available (Table 1). Among the
Lepidoptera GVs, Hymenoptera NPVs and Diptera NPVs, the
analysis failed to detect any CRE/TRE enrichment in hrs,
except in PlxyGV that displays two motifs (TGAGAGGG and
TGACCAAA) that might be related to CRE motifs based on
the sequence of the first half-site (in bold character). By
contrast, among the 15 Lepidoptera NPVs analyzed, 9
displayed a concentration of identical CRE and/or TRE motifs
in hrs, and two species (OpMNPV and CfMNPV) contained a
closely related TRE-like motif (TGACGCA) that differs from
the consensus by one nucleotide. In four more NPVs
(MacoNPV A and B, SeMNPV, SpltNPV), the presence of
CRE or TRE-like sites concentrated in hrs is less conclusive as
their hrs contain numerous motifs starting by TGAT or TGAC
with the second half-site rather variable (in MacoNPV and
SpltNPV, enrichment in a particular motif has been detected,
see Table 1 for details). Interestingly, 4 clusters of phyloge-
netically related species emerged based on the enrichment and
conservation of CRE and TRE motifs in hrs (Fig. 2): group Intration of CRE/TRE motifs in hrs (right). The phylogenetic tree comes from
rcia-Maruniak et al., 2004; Lauzon et al., 2004). Subgroups of the Lepidopteran
f found in hrs differs from the consensus indicated at the bottom, its sequence is
I. Landais et al. / Virology 344 (2006) 421–431 425NPVs contains 2 subgroups, with species that display either
only TRE-like (cluster 1: EppoNPV, OpMNPV and CfMNPV)
or both CRE and TRE motifs (cluster 2: BmNPV, AcMNPV,
RoMNPVs). Species of group II can also be subdivided into 2
categories, one containing only CRE sites (cluster 3: LdMNPV,
HearNPV C1 and G4, HzNPV) and the other displaying less
conserved motifs (cluster 4: SptNPV, SeMNPV, MacoNPV).
Finally, AdohNPV, with less CRE and non-canonical TRE
sites, might be considered as an intermediate species between
group I and group II NPVs.
The presence of evolutionarily conserved concentrations of
putative binding sites for bZIP transcription factors in the hrs
of at least 11 of 15 Lepidopteran NPVs prompted us to test
whether these sites are important for the hr function using
AcMNPV as a model.
Cellular proteins specifically bind CRE and TRE motifs in vitro
To test whether host factors can bind these motifs, we
performed electrophoretic mobility shift assays (EMSA) usingFig. 3. Host factors specifically bind the CRE-like motif. EMSAs were performed us
and 200-fold excess, as indicated by the triangles above the blots) (A) CRE-1 probe a
competitions with CRE, truncated CRE and TRE oligonucleotides. (C) CRE-1 prob
within the core CRE sequence, CREm1, CREm2 and CREm3. (D) Competitions w32P-labeled double-stranded oligonucleotide probes carrying
either the TRE/CRE motif found in the first AcMNPV hr5
repeat or the CRE motif belonging to the fourth hr5 repeat
(Fig. 1). The probes were incubated with nuclear extracts from
the Sf9 cell line permissive to AcMNPV and diverse DNA
competitors to assess the specificity of the binding. Panel A of
Fig. 3 shows that the CRE probe forms two major complexes
with host proteins (lane 1). Both were almost completely
competed by a DNA competitor carrying the CRE motif (lane
2). By contrast, the corresponding TRE competitor was notably
less efficient (compare lanes 2 and 3), suggesting that the Sf9
nuclear factors involved in these complexes have more affinity
for the CRE motif. This was confirmed by the use of a TRE
competitor bearing a longer 3V flanking sequence (lane 5),
which was more efficient than the shorter form but still less
than the CRE oligonucleotides. To test whether the same set of
factors bind the TRE and CRE motifs, EMSAs were performed
with a probe carrying both TRE and CRE sites along with
either TRE or CRE competitors (Fig. 3B). Incubation with Sf9
nuclear extracts induced the formation of one major delayeding the CRE-1 and TRE/CRE probes, Sf9 nuclear extracts and competitors (100-
nd competitions with CRE and TRE oligonucleotides. (B) TRE/CRE probe and
e and competitions with oligonucleotides carrying mutations (in bold character)
ith 5V truncated CRE oligonucleotides, CRE-2 to CRE-4, CRE-Del.
I. Landais et al. / Virology 344 (2006) 421–431426complex (lane 2) that was completely abolished by addition of
the CRE competitor (lane 3) but not a truncated form (lane 5).
As in Fig. 3A, competition with the TRE oligonucleotide was
less efficient and generated a faster-migrating complex
(compare lanes 3–4). Taken together, these results suggest
that the same set of host proteins bind TRE and CRE motifs,
with a stronger affinity for the CRE site. This prompted us to
focus our subsequent analysis on the CRE motif. To study the
specificity of the binding of host factors, we performed
competition assays using CRE motifs mutated in the core
sequence (Fig. 3C). All the DNA competitors containing
mutated motifs failed to compete with the shifted complexes
(first half site, lanes 7, 8; or second: lanes 9, 10; or
interspersed: lanes 11, 12), confirming that the binding of host
factors on the CRE motif requires the integrity of both half
sites. Use of competitors bearing a CRE site with shortened 5V-
flanking sequence (Fig. 3D) showed that optimal binding on
the core sequence requires at least a 2-bp flanking sequence
(lanes 4–11). We next tested the functionality of this CRE-like
motif in insect cells.
CRE-like sites are functional in vivo
We used the property of many transcription factor binding
sites to function as cis-acting elements when multimerized and
placed upstream of a test minimal promoter. These synthetic
constructs often mimic the activities of the natural enhancers
from which they are derived (Tjian and Maniatis, 1994). The
Bombyx mori actin promoter has previously been described to
be only marginally regulated by IE1 and enhanced by hr3 of
BmNPV (Lu et al., 1996, 1997), making that promoter a good
tool to analyze the hr function.
We cloned one to four copies of the CRE motif upstream of
the CAT reporter gene driven by the A3 promoter (prA3CAT),
generating the 1, 2, 3 and 4 CRE-CAT (Fig. 4). In order
to dissect the activity of the CRE sites in an hr-like context, weFig. 4. CRE sites are functional in vivo. Thirty-five micrograms of total soluble pr
assayed for CAT activity, except hr5-CAT for which a 10-fold dilution was used to b
enhancement over CAT activity of the basal prA3CAT plasmid, each assay being p
broken arrows and black CAT boxes indicate the prA3CAT reporter gene construct,
the 28-mer palindrome (P, double arrow). 1 hr5/4-CAT and 2 hr5/4-CAT scheme
of prA3CAT. Complete hr5 sequence (schematized in Fig. 1) is indicated by a hr5cloned one or two copies of the prototypical hr5/4 fragment
(boxed in Fig. 1) in the prA3CAT construct (1 hr5/4-CAT and
2 hr5/4-CAT). The hr5/4 fragment contains one CRE site and
a half palindrome at each end. Its dimerization led to the
reconstitution of a complete 28-mer palindrome flanked by two
CRE sites with two half palindromes at the ends (schemes in
Fig. 4). As a control of the hr cis-activating activity, we cloned
the complete hr5 sequence upstream the prA3CAT. These
constructs were tested in transient assays in Sf9 cells. Fig. 4
shows that the CAT expression increased with the number of
CRE copies in an additive manner (lanes 1–5), demonstrating
that these CRE sites are functional in Sf9 cells. Transfection of
the 1 and 2 hr5/4 constructs gave levels of CAT activity
similar to the 1 and 2 CRE, independently of the 28-mer
palindrome (compare lanes 2, 3 and 6, 7) revealing no role
for this motif in the absence of viral factors in Sf9 cells. This
result suggested as well that, in this context, the previously
identified host protein hr1-BP (Habib and Hasnain, 1996)
does not significantly contribute to the activity of the module.
As expected, the full-length hr5 construct displayed a CAT
activity higher than that of the other constructs, but it remains
unclear if this activity is only due to its CRE and TRE
modules or if other, yet unidentified host transcription factors
play a role in the hr enhancer activity in the absence of viral
proteins.
As already mentioned, CRE motifs never overlap with
IE1-binding sequences in AcMNPV hrs but are always found
in close proximity. This suggests that these two motifs might
cooperate in the context of viral infection. To test for a
possible synergy between the palindrome and the CRE sites
in the presence of the viral transactivator IE1, we co-
transfected reporter constructs containing the 28-mer palin-
drome element together with wild-type or mutated CRE
motifs along with a plasmid expressing IE1 (pIE1) or a
transactivation-dead mutant form (pIE1i425) (Rodems et al.,
1997). Equal levels of IE1 and IE1i425 expression wereoteins from Sf9 cells transfected with 20 Ag prA3CAT-derived constructs was
e in the linear range of the enzymatic activity. CAT activity is represented as fold
erformed in triplicate. Each construct is schematized on the left of the figure:
CRE boxes represent CRE motifs and single arrows represent hemi-sites (hs) of
s represent the native monomeric or dimerized hr5/4 fragment cloned upstream
box.
Fig. 5. CRE sites further enhance the IE1-dependent transactivation. Twenty-five micrograms of total soluble proteins from co-transfected/infected Sf9 cells was
assayed for CAT activity. (A) Scheme of the constructs used in the study. (B) Co-transfection assay: cells were co-transfected using 10 Ag prA3CAT-derived
constructs and 10 Ag of either pUC 19 or the pIE1 or pIE1i425 vectors. (C) Transfection/infection assay: cells were infected with AcMNPV (MOI 10) 24 h after
transfection. CAT activity is represented as fold enhancement over the CAT activity of the basal prA3CAT plasmid. Each assay was performed in triplicate.
I. Landais et al. / Virology 344 (2006) 421–431 427monitored by Western blot (data not shown). To test the
effect of the palindrome alone on the reporter promoter, the
28-mer sequence was cloned in the prA3-CAT vector at a
distance similar to that found in the hr5/4 element,
generating the Pal-CAT construct (Fig. 5A). Results first
showed a slight IE1-dependent transactivation of the A3
promoter (Fig. 5B, compare lanes 1 and 2) as previously
shown (Lu et al., 1996). Second, IE1 expression was
sufficient to trigger a 30-fold CAT activation on the Pal-
CAT construct (lanes 3, 4). We then expressed IE1, or its
mutated form, with a 2 hr5/4-CAT construct sequence. As
shown in lanes 4 and 7, co-transfecting pIE1 and the 2
hr5/4 construct caused a twofold reduction of the CAT
activity compared to Pal-CAT. This reduced activation might
be due to an inhibitory effect of the binding of IE1 on the
palindrome hemi-sites present in the 2 hr5/4-CAT con-
struct, as previously reported (Leisy et al., 1997). As
expected, transfection with the IE1 mutant did not display
any transactivation (lane 6). However, when we transfected a
similar construct containing mutated CRE (2 hr5/4m-CAT),
we observed a marked reduction of the transactivation
compared to 2 hr5/4-CAT (lanes 7 and 10), suggesting a
role for the CRE sites in the IE1-dependent transactivation.
To further assess whether these CRE sites play a role during
AcMNPV infection, Sf9 cells that had previously been
transfected with the CAT constructs were infected with
AcMNPV (Fig. 5C). Following infection, the CAT expressiondriven by the 2 hr5/4-CAT construct was more than 10-fold
higher than with the Pal-CAT construct (lanes 2, 3). Mutation
of the CRE sites resulted in a reduced CAT activity comparable
to Pal-CAT (compare lanes 2 and 4), an effect more dramatic
than in transfection assays.
Taken together, these data suggest that CRE-like sites
located in sequences flanking the 28-mer IE1-binding sites
play a role in the IE1-dependent transactivation mediated by
hrs.
Discussion
In addition to the host general transcription factors, optimal
transcription of baculovirus early genes often requires the
recruitment of host and/or viral proteins. For example,
specific binding of host proteins to evolutionary conserved
GATA and CACGTG motifs is required for the OpMNPV
gp64 early promoter activation in the absence of viral factors
(Kogan and Blissard, 1994). Both motifs have also been
shown to strongly affect the transactivation mediated by the
viral factor IE2 on the Opep-2 promoter (Shippam-Brett et al.,
2001). Homologous regions have also been shown to activate
transcription of cis-linked promoters in the presence and in
the absence of viral factors (Nissen and Friesen, 1989; Leisy
et al., 1995; Lu et al., 1997), suggesting that they may recruit
host proteins. However, few studies have investigated the
binding of cellular factors on hrs (Guarino and Dong, 1991;
I. Landais et al. / Virology 344 (2006) 421–431428Hasnain et al., 1996). The purpose of this study was thus to
define new sequences in the homologous regions of the
AcMNPV baculovirus that participate in its enhancing
function. We found numerous potential binding sites for
cellular transcription factors that belong to the bZIP family.
Analysis of the distribution of these CRE and TRE motifs
revealed a striking enrichment in the hrs of a majority of the
sequenced Lepidopteran NPVs but not in GVs or non-
Lepidopteran NPVs, in agreement with the phylogeny of the
Baculoviridae.
Blissard and Rohrmann (1990) suggested that, since early
baculovirus genes are transcribed in a way similar to insect
genes, promoters and enhancers of insect origin might have
been inserted by mobile DNA from host, such as transposable
elements. Acquisition of species-specific regulatory sequences
might then influence both virulence and host range. Binding
sites for Zinc finger (GATA) and bHLH-ZIP transcription
factors found in promoters of early genes favor this hypothesis
(Kogan and Blissard, 1994; Shippam-Brett et al., 2001).
Similarly, multimerized bZIP transcription factors binding sites
in hrs support the hypothesis of a cellular origin for hrs.
The enrichment in TRE and CRE motifs observed in the
hrs of phylogenetically related baculoviruses strongly sug-
gests a functional role for these motifs, and we first tested
this hypothesis by investigating the binding of insect factors
on the CRE/TRE sequences in vitro. Our work shows that
these motifs are indeed specifically bound by Sf9 nuclear
factors. Similar to the GATA and CACGTG sites found in
the gp64 early promoter (Kogan and Blissard, 1994),
mutation of a few nucleotides in the core sequence disrupted
host proteins binding and reduced transcriptional activation.
The fact that two complexes were detected with the CRE
probe in EMSAs could reflect differences in the number of
molecules or different protein combinations in each complex.
Competition assays further indicated that TRE and CRE
oligonucleotides compete each other, suggesting that both
sites probably bind the same set of host proteins. Moreover,
competition appeared to be more efficient with CRE than
with TRE, suggesting that proteins present in the Sf9 nuclear
extracts have more affinity for the CRE motif. Heterodimer-
izations that modulate bZIP factors affinity for the binding
sites have been described (Herdegen and Leah, 1998).
Therefore, the specificity observed for the CRE motif might
be due to a weaker representation of TRE-specific proteins
that biased the dimerization capacity. It would be interesting
to test whether TRE motifs specifically bind host proteins in
other cell types.
Altogether, these results identified new partners that could
potentially be involved in the hr enhancer function. Transient
assays in Sf9 cells confirmed this hypothesis by showing that
CRE sites are able to enhance transcription from an insect
reporter promoter in an additive manner.
More detailed sequence analysis of the AcMNPV genome
showed that CRE and TRE motifs are always in close
proximity to the 28-mer IE1-binding palindromes in hrs. This
observation suggested that these motifs may play a role in the
IE1-dependent transactivation. Rodems and Friesen (1993)showed that, in the presence of IE1, the effect of 28-mer is
additive and provides about 40% of the hr5 activity, suggesting
that additional regulatory motifs are required for maximum
enhancer activity. Host proteins have already been shown to
bind hrs (Guarino and Dong, 1991) and to be involved in the
enhancer activity (Hasnain et al., 1996), but their role in the
IE1-dependent transactivation has not been documented. Here,
we show by transfection and transfection/infection assays that
CRE sites flanking the 28-mer palindrome further enhance the
IE1-dependent transactivation of the reporter promoter. Inter-
estingly, this effect was more dramatic in cells infected with
AcMNPV, in which the basal IE1-dependent transactivation
was notably lower compared to cells expressing exogenous
IE1. This effect, previously described by Rodems and Friesen
(1993), could be due to the fact that the viral genome contains a
large number of IE1-binding sites that might compete with the
reporter construct for IE1. An alternative explanation might be
that, early in infection, the CRE-dependent transactivation is
not only mediated by IE1 but requires a factor present in
infected but not in transfected cells. IE0 may be a good
candidate since (i) this factor appears to play different roles
than IE1 and is required to achieve a wild-type infection
(Pearson and Rohrmann, 1997; Stewart et al., 2005; Theilmann
et al., 2001), (ii) it binds the same 28-mer sequence and can
heterodimerize with IE1 (Kremer and Knebel-Morsdorf, 1998),
(iii) it displays an additional N-terminal domain which may be
important for its transactivation function (Pearson and Rohr-
mann, 1997; Theilmann et al., 2001), e.g. by interacting with
host factors, (iiii) it peaks earlier in the infection and is
expressed at higher or equal levels than IE1 before the
initiation of replication (Huijskens et al., 2004; Kovacs et al.,
1992; Theilmann and Stewart, 1993), at times when viral
products are the lowest and consequently recruiting host
transcription factors could further potentiate the transactivator
(Choi and Guarino, 1995). Finally, it was shown that
OpMNPV IE1 and IE0 are coexpressed throughout infection
and have different activating capacity resulting in a gradation
of gene activation (Theilmann et al., 2001) and virus
replication (Stewart et al., 2005). Depending on the promoter
context, their relative expression and combination, they might
activate transcription at various levels. Therefore, studying the
role of CRE motifs in the IE0/IE1-dependent transcriptional
activation might help to understand the hr functions at early
times p.i.
As exemplified by the work of Shippam-Brett et al. (2001),
the interplay between cellular and viral factors can vary
significantly with the cell type. Multiple CRE/TRE sites
concentrated in hrs could be a powerful viral strategy to burst
the transcription of early genes in a wider range of host,
increasing the probability of replication in a permissive one as
suggested by Kogan and Blissard (1994). Moreover, massive
titration of conserved, ubiquitous and essential host factors by
the virus genome could contribute to the transcriptional shut-
off observed in the host cells during infection. It will therefore
be interesting to test whether CRE and/or TRE motifs have a
role with or without viral factors in other cell lines permissive
and non-permissive for AcMNPV.
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focus formation. They proposed that these foci may serve as
nuclear compartments that promote replication and transcrip-
tion of early genes. Our work shed light on molecular factors
that can take place on hrs and participate to the transcriptional
scaffold. Further studies are hence needed to identify these host
CRE-binding proteins and delineate the precise interplay with
other proteins of the hr-binding complex.
Materials and methods
Bioinformatics analysis
Identification of response elements for transcription factors in
the hrs of AcMNPV was performed using Transfac (http://
www.gene-regulation.com). The complete genome sequences of
25 baculoviruses were retrieved from Genbank using accession
numbers summarized in previous papers (Afonso et al., 2001;
Garcia-Maruniak et al., 2004; Lange et al., 2004; Lauzon et al.,
2004). Position of homologous regions for each baculovirus
was found either in the articles cited above or in the annotations
preceding the genomic sequence in the Genbank file.
A custom PERL program was designed to automatize the
identification and the localization of CRE-like and TRE motifs
in the 25 baculovirus genomes. Microsoft Excel was then used
to calculate the percentage of these sites in hrs compared to the
entire genome.
Plasmid constructs
IE1 expression vectors
The pIE1 plasmid was constructed by cloning the ClaI–
XbaI fragment from the HindIII-G fragment of AcMNPV in
pUC 18, as previously described (Pearson and Rohrmann,
1997). pIE1i425 was constructed with the QuickChange
mutagenesis kit using the pIE1 plasmid as template: 12 nt
(GAGGACCTTCCA) were inserted at position 1275 of the ie1
coding sequence, leading to a 4-aa insertion (EDLP) at position
425 of the IE1 protein (Rodems et al., 1997).
CRE/EB reporter plasmids
The B. mori actin promoter (prA3) that has been shown to be
responsive in Sf9 cells (Lu et al., 1997) was ligated into the
pBLCAT2 expression vector (Luckow and Schutz, 1989) at the
HindIII–BglII sites generating the prA3CAT plasmid. Double-
stranded oligonucleotides containing 1 to 4 copies of the CRE/EB
site (GAGATGATGTCATTTGTTTT) were cloned upstream of
the prA3 at the HindIII site, generating the 1 CRE-CAT to 4
CRE-CAT plasmids (schemes in Fig. 4).
hr5, hr5/4 and hr5/4m reporter plasmids
The hr5 region was excised from the AcMNPV genome by
MluI digestion of the HindIII-Q genomic fragment and cloned
in pUC 19, generating the phr5 plasmid. phr5 was digested by
HindIII and SacI, blunt-ended and the resulting hr5 fragment
was cloned at the HindIII site of prA3CAT, generating hr5-
CAT. Oligonucleotides corresponding to both strands of theAcMNPV hr5/4 EcoRI restriction fragment (boxed in Fig. 1:
TTCTACTTGTAAAGCACAATCAAAAAGATGATGTCATT-
TGTTTTTCAAAACTGAACTCGCTTTACGAGTAGAA; pal-
indromic hemi-sites are in italic and CRE-like motif in bold
characters) were annealed, generating cohesive EcoRI ends.
Double-stranded oligonucleotides were self-ligated then blunt-
ended and cloned at the HindIII site of prA3CAT, generating
the 1 hr5/4-CAT (no self-ligation) and 2 hr5/CAT (one self-
ligation). Similar procedure was used to generate 1 hr5/4m-
CATand 2 hr5/4m-CAT, for which the CRE sites TGATGTCA
were mutated to TGATCATG (scheme in Fig. 4). All the
constructs described above were verified by sequencing.
Cells, transfections, infections and CAT assays
S. frugiperda Sf9 cells (Vaughn et al., 1977) (3.106 cells/25
cm2 plate) were transfected using a total of 20 Ag of indicated
plasmids and 40 Al DOTAP (Roche) following the recommen-
dations of the manufacturer. In transfection/infection assays,
cells were infected 24 h post-transfection with the C6 strain of
AcMNPVat anMOI of 10 as previously described (Chaabihi et
al., 1993). Cells were collected 24 h later and lysed by freeze
and thaw in 150 Al of Tris–HCl 0.25 M, pH 7.5. Soluble
protein concentration was estimated by Bradford assay. CAT
activity was measured as previously described (Gorman et al.,
1982) using the same amounts of total proteins.
Preparation of Sf9 nuclear extracts
Cells were harvested in log-phase growth and nuclear
extracts were prepared as described (Dignam, 1990). Extraction
buffer was 0.4 M KCl final. Nuclear extracts were dialyzed 2 h
at 4 -C against buffer D (20 mM HEPES pH 7.9, 20%
glycerol, 0.1 M KCl, 0.2 mM EDTA, 1 antiprotease cocktail
(Complete, Roche), 0.2 mM DTT) and fractionated on a
heparin column (HiTrap heparin HP column, Amersham
Bioscience) following the recommendations of the manufac-
turer: briefly, dialyzed nuclear extracts were applied to the
column, washed with 5-column volumes of start buffer (0.01M
sodium phosphate, pH 7.0) and eluted with 2 ml of start buffer
with increasing concentration of NaCl, from 0 to 2 M). Each
fraction (200 Al) was dialyzed against buffer D.
Electrophoretic mobility shift assay (EMSA)
20 Ag of each Sf9 heparin-fractionated nuclear extracts was
incubated with 10 ng of double-stranded a32P ATP-labeled
CRE-1 or TRE/CRE oligonucleotides (sequences in Fig. 2) in
20 Al binding buffer (5 mM Tris–HCl pH 8.0, 0.5 mM
dithiothreitol, 0.5 mM EDTA, 1% Ficoll, 25 mM NaCl, 0.1 Ag/
Al poly[dI–dC], Sigma). Reaction mixtures were loaded on a
4% nondenaturing polyacrylamide gel and ran at 150 V in 0.5
TBE buffer. All EMSAs were performed using the nuclear
extract fraction that displayed the strongest CRE-binding
activity (fraction 7), as determined by preliminary experiments
(not shown). When indicated, double-stranded competitor
oligonucleotides were added to the mixture.
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